INTRODUCTION
============

Metazoan cells expend a significant amount of energy to maintain a reducing intracellular environment through the constitutive expression of antioxidant enzymes, metabolic maintenance of reducing equivalents (NAPDH, NADH), protein and peptide thiols, and highly reducing mitochondrial redox potentials. Environmental stressors such as chemical toxicants can create oxidizing imbalances in the cellular redox state resulting in a loss of reducing potential, a condition termed "oxidative stress". Heavy metals are pervasive environmental toxicants that have been shown to exert oxidative stress on living systems through the production of reactive oxygen species (ROS), which overwhelm the cell's capacity to maintain a reduced state \[[@R1],[@R2]\]. Metal-induced ROS cause damage to cellular proteins, nucleic acids and lipids, leading to a variety of cellular dysfunctions including cell death. Mammalian cells have developed multiple homeostatic systems to counteract the effects of oxidative stress by scavenging free radicals and repairing oxidant damage to biomolecules. The activation of this antioxidant stress response pathway is a reliable indicator of oxidative perturbation.

In large part, the mammalian oxidative stress response is coordinated by a transcription factor, nuclear factor erythroid 2-related factor 2 (Nrf2) \[[@R3]-[@R5]\]. Under normal cellular conditions, Nrf2 is held inactive in the cytoplasm by a protein known as Keap1 \[[@R3]\]. Keap1 negatively regulates Nrf2 activity through interactions with Roc1 and Cul3 which recruit E2 ubiquitin ligase, driving the proteasomal degradation of Nrf2 \[[@R6]\]. This tight regulation of Nrf2 transcriptional activity permits only a minimal, basal level of Nrf2-directed gene expression. Oxidative stress leads to the activation of numerous transducers such as mitogen-activated protein kinases (MAPK, ERK, p38), protein kinase C (PKC), and phosphatidylinositol 3 kinase (PI3K) which phosphorylate both Keap1 and Nrf2 \[[@R7],[@R8]\]. Reactive electrophiles also directly attack the sulfhydryl-rich Keap1 protein \[[@R9]\], leading to conformational changes in Keap1 structure. Both series of events disrupt the Keap1-Nrf2 complex and stimulate the translocation of stabilized, transcriptionally active Nrf2 to the nucleus where Nrf2 partners with small Maf proteins \[[@R10]\]. These resulting Nrf2/Maf heterodimers bind directly to anti-oxidant response elements (AREs) located within promoters of Nrf2 target genes, displacing the transcriptional repressor Bach1 \[[@R11],[@R12]\]. This de-repression/activation dramatically increases the transcriptional expression of Nrf2-inducible genes such as those encoding heme oxygenase-1 (*HMOX1*), NAD(P)H quinone oxidoreductase (*NQO1*), and glutathione-S transferase A2 (*GSTA2*). Products of these genes serve to neutralize reactive oxygen species and electrophiles, biosynthesize glutathione, direct xenobiotic efflux and recycle oxidized proteins \[[@R13]\]. In concert these proteins scavenge ROS and conjugate electrophiles to ultimately limit oxidative damage and to detoxify the cell.

Given that several metals are known to generate ROS, and that mammalian cells activate Nrf2-mediated transcription in response to ROS, it is not surprising that metal exposure activates the Nrf2 pathway. Nrf2 activation has been demonstrated in response to a variety of metals \[[@R14]-[@R16]\]. Metal exposure has been shown to exert a number of effects on the Nrf2 pathway including reduction of sulfhydryl groups in Keap-1, MAPK activation and resultant Nrf2 phosphorylation, and inhibition of proteasomal pathways which stabilizes Nrf2. The cumulative impact of these events is stabilization and activation of Nrf2 and transcriptional upregulation of anti-oxidant genes. While metals have been previously shown to induce Nrf2-mediated oxidative stress response, these studies have employed a variety of different exposure conditions and different human cell lines such as skin fibroblasts \[[@R17]\], hepatoma cells \[[@R18]\], monocytes \[[@R19]\] and retinal pigment epithelial cells \[[@R20]\]. Both the cell type used and the experimental endpoints can lead to variability in oxidative stress response.

A number of methods have been developed to measure Nrf2 transcriptional activity as a means to monitor cellular response to oxidative stressors including real time PCR \[[@R21],[@R22]\]. While real-time PCR quantitatively measures endogenous target gene expression, reporter genes offer a higher-throughput, cost-effective assay platform that permits a rapid and more defined analysis of the oxidative stress response at the transcriptional level. Moreover, promoter reporter gene assays provide an assessment of the transcriptional activity associated with the expression of a gene, while quantitative PCR only measures steady-state levels of the transcript, which is influenced by transcriptional activity as well as mRNA stability. Here, we describe the development of a novel Nrf2 reporter gene assay engineered in a portable universal vector that facilitates the rapid generation of various stable reporter cell lines from either established or primary cells. With this Nrf2-specific reporter gene, we established stable reporter cell lines using immortalized/tumor cells derived from human kidney, liver, lung, breast and brain. These stable reporter cell lines were then challenged with a panel of twenty transition-, alkali-, and heavy metals to compare their Nrf2 activating potential in the engineered cell types. Contrary to our expectation of similar Nrf2 activation among cells derived from various human tissues, we found significant differences in Nrf2 activation in response to metal exposure among the cell types tested. Distinct subsets of the test metals elicited Nrf2 responses among the cell lines used; also, the relative potencies of each metal differed with each cell type. We conclude that cells differ dramatically in either their ability to mount an effective oxidative stress response to metal toxicity. These findings suggest that the properties of Nrf2 activation are cell-type specific and may not be predictive of response patterns in other cell types.

MATERIALS AND METHODS
=====================

Cell Lines and Growth Conditions
--------------------------------

The HEK293T cell line was purchased from GenHunter (Nashville, TN). The HepG2, MCF7, A549 and A172 cell lines were purchased from American Type Culture Collection (Manassas, VA). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA) and penicillin-streptomycin (HyClone; Waltham, MA) at 37°C in a humidified 5% CO~2~ atmosphere.

Reagents
--------

Hydroquinone (HQ), Sodium Chloride (Na), Gold (I) Chloride (Au), Sodium Arsenite (As), Silver Chloride, (Ag), Barium (II) Chloride (Ba), Calcium Chloride (Ca), Cadmium Chloride (Cd), Cobalt Chloride (Co), Chromium (VI) Oxide (Cr), Cesium Chloride (Cs), Copper (II) Chloride (Cu), Iron (II) Chloride (Fe), Mercury (II) Chloride (Hg), Manganese Chloride (Mn), Nickel Chloride (Ni), Osmium (III) Chloride (Os), Lead (II) Chloride (Pb), Rubidium Chloride (Rb), Thallium (I) Nitrate (Tl), Zinc (II) Chloride (Zn), and o-phenylenediamine (OPD) were purchased from Sigma-Aldrich (St. Louis, Mo). Aqueous stock solutions (16mM) were aliqouted and stored in air-tight vials at -80°C until use. Thawed stock aliquots were discarded after each use.

Reporter Gene Construction
--------------------------

To measure Nrf2 transcriptional activity, we engineered a novel Nrf2-responsive reporter gene by engineering a chimeric enhancer containing seven tandem repeats of the human Nrf2 consensus DNA-binding site, termed the antioxidant response element (ARE: 5'-TGCTGAGTCA-3'; \[[@R23]\] or a mutated ARE (AREmut: 5'-TG[TAACTGCA]{.ul}CA-3', mutated bases underlined) separated by 12-bp spacers was custom synthesized (IDT; Coralville, IA) (Fig. **[1](#F1){ref-type="fig"}**). The ARE and AREmut enhancers were cloned upstream of a synthetic 97-bp basic promoter element with a CCAAT site (-90 relative to the transcriptional start site) and a TATA binding site (-35 relative to the transcriptional start site) which was subsequently optimized through an iterative process using Tfsitescan (<http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl>) to eliminate predicted binding sites for nearly all other known mammalian DNA-binding proteins. The resulting ARE and AREmut promoters were subsequently cloned into the multiple cloning site of a lentiviral transfer vector (pTZV, Thermo Fisher Scientific Inc.,) modified to contain the firefly luciferase open reading frame (derived from pGL3, Promega, Madison, WI) and a secondary tetracycline-inducible turboRED fluorescent reporter. ARE-luciferase and AREmut-luciferase transfer vector constructs were verified by fluorescent DNA capillary sequencing.

shRNA Construction
------------------

shRNA hairpin oligonucleotides shown below were designed by selecting an 18-bp site from the human *NFE2L2* complete mRNA (NCBI Reference Sequence: NM_006164.3) optimized for siRNA targeting of the *NFE2L2*mRNA (S001) or a random 18-bp sequence (scramble) with no predicted homology to human genomic or transcript sequences.:

S001:   5'-TCAAATCCATGTCCTGCT-3'

Scramble:  5'-ACTCTCGCCCAAGCGAGA-3'

Single stranded synthetic 97-bp oligonucleotides (Invitrogen Corp., Valcencia, CA) incorporating the sense/antisense sequences in a stem-loop motif were PCR amplified using the primers forward: 5'-AGTCACTCGAGTGCTGTTGACAGTGAG-3' and reverse: 5'-AAGTCAGGATCCTCCGAGGCAGTAGG-3.' The resulting shRNA PCR products were subcloned into a modified lentiviral transfer vector, GIPZ (Thermo Fisher Scientific Inc., Birmingham, AL) between the XhoI and BamHI sites and the constructs were verified by fluorescent DNA capillary sequencing. This cloning strategy nests the shRNA fragments between 5' and 3' miRNA30 adaptors within the 3' untranslated region of a green fluorescent protein reporter gene under the control of a *CMV* promoter.

Lentiviral Vector Production and Titering
-----------------------------------------

HEK293T cells were co-transfected in 10 cm dishes with purified ARE-luciferase, AREmut-luciferase, pGIPZ-scamble or pGIPZ-S001 transfer vector plasmids and lentiviral packing mix (Open Biosystems; Huntsville, AL) according to manufacturer's instructions. Sixteen hours post-transfection, cell culture medium was replaced with 12 ml fresh DMEM and cells were incubated for an additional 48 h at 37°C. Medium was then harvested and detached cells were pelleted by centrifugation for 10 minutes at 5,000g. The resulting supernatants from the individual transfections were concentrated once by low-speed centrifugation through an Amicon Ultra 100kD centrifuge filter unit (Millipore; Billerica, MA), and the retentates were aliquoted and stored at -80°C. To determine viral titers, 50,000 HEK293T cells stably expressing the TetOff (rtTA3; Clontech, Mountain View, CA) transactivator were transduced with 50 µl of lentiviral stock dilutions ranging from 1:10 to 1:781,250. Viral titers for ARE-luciferase and AREmut-luciferase (expressed as transducing units per ml viral stock) were determined 96 hours post-transduction by counting red fluorescent colonies by fluorescent microscopy (red colonies form due to rTTA3-mediated activation of the secondary tetracycline-inducible turboRED fluorescent reporter) and multiplying the colony count by the dilution and volume factors. Scramble and S001 shRNA vectors were titered in the same manner using green fluorescent protein (encoded by the vector) to quantify colonies.

Generation of Stable Reporter Gene Assay Cell Lines
---------------------------------------------------

HEK293T, HepG2, MCF7, A549 and A172 cell lines were transduced with ARE-luciferase or AREmut-luciferase lentiviral vector at a multiplicity of infection (MOI) of 10. Cells were allowed to grow in culture for seven days post-transduction to amplify the transduced cell lines. Stable HepG2 ARE-luciferase cells were subsequently transduced with either scramble or S001 shRNA vectors at an MOI of 50 in order to ensure maximal Nrf2 knockdown, and were cultured an additional seven days. Cells were then plated in 384-well white culture plates (Nunc, Pittsburgh, PA) at the following densities: HEK293T (10^4^ cells/well), HepG2 (10^4^ cells/well), MCF7 (8x10^3^ cells/well), A549 (8x10^3^ cells/well) and A172 (5x10^3^ cells/well) in DMEM supplemented with 1% FBS and cultured overnight at 37°C. Cells were then exposed for 16 hours with test compounds over a 14-point concentration range spanning 10nM to 1mM for 16 hours. After treatment, culture media were aspirated and cells were lysed with a non-denaturing lysis buffer (25mM Tris phosphate, 2mM trans-1,2-diaminocyclohexane-N,N'N',N'-tetraacetic acid monohydrate, 10% glycerol, 0.5% Triton-X 100, 2mM Dithiothreitol, pH 7.8) for 15 minutes at ambient temperature. Luciferase activity was detected by adding 25ul Luciferase Detection Buffer (20mM Tricine, 1.07mM (MgCO~3~)~4~·Mg(OH)~2~·5H~2~0, 2.67mM MgSO~4~, 100μM EDTA, 33.3mM Dithiothreitol, 270μM Coenzyme A, 470μM D-luciferin, 530μM ATP, pH 7.8). Plates were read on a BMG FluoStar (Durham, NC) plate reader with 1 second integration time.

Statistical Analysis, Curve Fitting and Clustering Analysis
-----------------------------------------------------------

All experimental results are aggregates of 3-4 independent experiments. Unless otherwise indicated, all data are normalized to in-plate vehicle controls and are presented as mean fold change over vehicle [+]{.ul} SE. A two-tailed paired Student's t-test was used to evaluate differences between vehicle and treated groups; values of p \< 0.05 were considered statistically significant. Concentration-responses were fitted to four-parameter, non-parametric curves using a least squares (ordinary) fit method using GraphPad Prism 5 (San Diego, CA). A Talalay's CD (CD) value, defined as the concentration required to elicit a doubling of the baseline response \[[@R24]\], was calculated from the fitted curves using GraphPad's log (agonist) vs. response---Find EC anything function where F = 2/maximal Nrf2 activity x 100% (Table **[2](#T2){ref-type="table"}**). All data points from concentrations higher than the EC~max~ were masked to minimize the effects of overt cytotoxicity on curve fitting. In cases where the EC~max~ was equal to the highest concentration tested (1mM), the response value at 1mM was assumed to be the maximum response level for the purposes of curve fitting. Unsupervised hierarchical clustering was performed on the chemical (row) by cell type (column) matrix of either CD or maximal Nrf2 activity values using MultiExperiment Veiwer v4.3 \[[@R25]\] with Manhattan distance as the distance metric and average linkage in clusters.

RESULTS
=======

ARE-Luciferase Reporter Gene Accurately Reflects Nrf2-Mediated Cellular Oxidative Stress Response
-------------------------------------------------------------------------------------------------

To determine whether the ARE-luciferase reporter was functional, human HepG2 cells were transduced with the ARE reporter vector and were subsequently passaged for seven days to allow for transgene stabilization. The resulting HepG2 ARE-luciferase reporter cells were treated with hydroquinone (HQ), a compound known to induce oxidative damage in HepG2 cells, at concentrations ranging from 10nM-1mM for 16 hours and then assayed for luciferase activity. The luciferase activity increased in a concentration-dependent manner (Fig. **[2](#F2){ref-type="fig"}**), indicating that the ARE-luciferase reporter is functionally inducible \[[@R26]\]. In parallel, HepG2 reporter cells were pre-treated with 5mM N-acetylcysteine (NAC), a widely used sulfhydryl antioxidant 2 hours prior to HQ treatment \[[@R27]\]. As shown in Fig. (**[2](#F2){ref-type="fig"}**), NAC pre-treatment clearly reduces the potency of HQ (EC~50~=48.1µM vs EC~50~=208µM with pre-treatment), but also reduces HQ-induced Nrf2 maximal activity as shown by a 4.4-fold reduction in the magnitude of activation at 160µM, which was the maximal effective concentration (EC~max~) for HQ in the absence of NAC. These results demonstrate that the ARE reporter responds to oxidative stress and this response is ameliorated by antioxidant (NAC) treatment.

To further confirm the Nrf2 specificity of the ARE reporter response described above, a parallel HepG2 line was generated harboring a luciferase reporter identical to ARE-luciferase in every respect except that six of the consensus nucleotides of the AREs were mutated so as to alter the binding affinity of the transcription factor (Fig. **[1B](#F1){ref-type="fig"}**). This AREmut-luciferase cell line was produced by lentiviral transduction using an identical MOI to permit direct comparison of the response of 'wild-type' ARE to the mutated version. As shown in Fig. (**[2](#F2){ref-type="fig"}**), the mutated ARE reporter did not respond to HQ-treatment, indicating that functional AREs are sufficient and necessary for the 'wild-type' reporter construct responsiveness to oxidative stressors such as hydroquinone.

In order to determine whether the HQ-induced increase in reporter activity was driven by Nrf2, we next stably transduced HepG2-ARE/luciferase cells with a constitutively active gene expressing an anti-Nrf2 shRNA (S001) or one expressing a negative control shRNA (scrambled). As shown in Fig. (**[2](#F2){ref-type="fig"}**), HepG2 reporter cells expressing the Nrf2-targeting shRNA had a markedly lower luciferase activity when challenged with 100µM HQ as compared with cells expressing a negative control shRNA, indicating that the ARE-luciferase reporter response to HQ treatment results from activated Nrf2. Taken together, these results show that the synthetic ARE--luciferase reporter responds to oxidative treatment by Nrf2-specific transcriptional activity signaling through a functional antioxidant response element, and this response can be blunted by antioxidant pre-treatment.

Heavy Metals Activate Different Nrf2 Responses within a Cell Type
-----------------------------------------------------------------

To enable the comparison of metal-induced Nrf2 transcriptional activities in different cell types derived from different tissues, stable ARE reporter cells lines were established from five commonly-used human cell models: HEK293T (kidney), A172 (brain), A549 (lung), HepG2 (liver) and MCF7 (breast). Each stable reporter cell line was generated using an identical MOI. These cells were then challenged with a battery of 20 metal salts (Fig. **[3](#F3){ref-type="fig"}**), hydroquinone (positive control) or a reference compound, o-phenylenediamine (OPD). Cells were treated for 16 hours, and luciferase activity was measured. Concentration-response curves were then generated; the resulting CD values and maximal fold increases in Nrf2 activities are shown in Tables **[1](#T1){ref-type="table"}** and **[2](#T2){ref-type="table"}**, respectively.

Half of the tested metals failed to induce any appreciable Nrf2 activity compared to vehicle-treated controls in any of the five stable reporter cell models. All of the Group I and Group II metals tested in this study (sodium, calcium, rubidium, cesium and barium) failed to produce either a significant Nrf2 response or cytotoxicity in any of the cell lines at the concentrations used. Similarly, chromium (VI), manganese (II), osmium (III), nickel (II) and thallium (I) did not stimulate Nrf2 activity in any cell model tested; however, with the exception of osmium, all of these induced overt cytotoxicity at the highest concentrations (data not shown). The specific responses of individual cell lines to metal expsoure are described in detail below:

HEK293T
-------

In HEK293T cells, derived from human embryonic kidney, there was a marked increase in Nrf2 activity in response to ten of the twenty test compounds (Tables **[1](#T1){ref-type="table"}** and **[2](#T2){ref-type="table"}**). Most of the ten Nrf2-inducing metals stimulated luciferase activities ranging from 2- to 8-fold over vehicle-treated controls. The two notable exceptions were sodium arsenite (14.0-fold) and cadmium (62.5-fold). There was a wide disparity among the potencies of positive compounds. Heavy metals cadmium (CD=0.907μM) and mercury (CD=2.82μM) were very potent, as was silver (CD=11.8μM) and sodium arsenite (CD=1.88μM). Other metals in this group elicited milder Nrf2 responses at the higher concentrations tested: zinc (CD=84.8μM), cobalt (CD=484μM) and copper (CD=281μM).

HepG2
-----

HepG2 cells, derived from a human hepatocellular carcinoma, also detected appreciable Nrf2 activity induction for the same subset of ten test compounds as HEK293T cells. Also like HEK293T cells, the level of Nrf2 activities ranged from 2- to 8-fold over vehicle-treated controls. A striking exception in this cell line was sodium arsenite, which induced a 32.9-fold increase in activity. Interestingly, the response to cadmium was muted in this cell line in comparison to HEK293T cells. The relative potencies of the positive test compounds showed an even wider disparity than seen in HEK293T cells. Like HEK293T cells, cadmium was the most potent inducer of Nrf2 activity (CD=0.954μM) and metals such lead (CD=426μM), cobalt (CD=185μM) and copper (CD=455μM) elicited Nrf2 stimulation at only the higher tested concentrations.

MCF7
----

MCF7 human breast tumor cells responded to nine of the twenty test compounds; all nine of these metals tested positive in the HEK293T and HepG2 reporter cell lines. In contrast to HEK293T and HepG2 cells, MCF7 cells failed to respond to iron with a significant Nrf2 activation. Another interesting finding in the MCF7 assay was that silver (CD=4.73μM), not cadmium (CD=11.0μM), was the most potent Nrf2 inducing test compound; in fact, gold had the lowest CD value in MCF7 cells than the other cell models tested. With respect to maximal Nrf2 activities, by far the most dramatic fold increases over controls were observed for silver (68.8), copper (55.7) and cadmium (23.1); these values were the highest observed for any cell model tested. Most other positive metals had maximal activities in the 2- to 6-fold range*.*

A172
----

Nine of the twenty test compounds stimulated significant Nrf2 activity in stable reporter cells derived from the A172 human glioblastoma cell line; these nine were also a subset of the ten positives from the HEK293T and HepG2 assays. Interestingly, cobalt did not stimulate Nrf2 activity in these cells, as it had in HEK293T, HepG2 and MCF7 cells. Like the MCF7 cells, silver was the most potent inducer of Nrf2 transcriptional activity (CD=6.03μM) in A172 cells. The relative potencies of other positive test agents ranked in the middle compared to the other reporter cell models. Among the five cell lines tested, the maximal fold activations of gold (25.9) and sodium arsenite (61.2) were highest in A172 cells. Cadmium (13.8) and copper (15.5) being significantly more active than the other metals.

A549
----

The A549 reporter cells only detected significant Nrf2 activities in three of the twenty test agents: sodium arsenite, cadmium and copper. That three test agents had effects provides evidence that the Nrf2 signaling pathway is functional in these cells; however, the CD values for all three positives were the highest, or ranked with the highest, observed in any cell model, suggesting that these cells are relatively resistant to oxidative insult induced by metals. Also noteworthy is the observation that the magnitudes of the responses to exposure to sodium arsenite and cadmium were lower in A549 cells than any of the other models in this study, and A549 cells were the only tested model that failed to respond to hydroquinone control. Interestingly, copper induced the highest Nrf2 activity level observed in these cells.

Heavy Metals Activate Different Nrf2 Responses Across Cell Types
----------------------------------------------------------------

In the course of examining Nrf2 response profiles within a particular cell type, some interesting patterns of response across cell types emerged. Hierarchical clustering was used to better organize these response patterns (Fig. **[4](#F4){ref-type="fig"}**). Response patterns were clustered using two different metrics of the dose response curves for the ten positive test compounds, *viz*., CD values (Fig. **[4A](#F4){ref-type="fig"}**) and maximal activity (Fig. **[4B](#F4){ref-type="fig"}**). In both response maps, it is clear that A549 cells were the most atypical among the reporter lines tested. The two activity maps also reveal a common pattern of the positive compounds into three distinct response classes. Response class I compounds (Fig. **[4](#F4){ref-type="fig"}**, red boxes) include sodium arsenite, cadmium and copper. These metals grouped together because they were active in all five cell models tested. The individual response curves for each of these compounds are shown in Fig. (**[5A-C](#F5){ref-type="fig"}**). Each of these metals was most active in a different cell model (As-A172, Cd-HEK293T, Cu-MCF7). Response class II compounds (Fig. **[4](#F4){ref-type="fig"}**, blue boxes) elicited the most significant Nrf2 activities and did so at concentrations below 100µM, but only in a subset of the cell models tested. Silver, mercury and gold were in response class II. The individual response curves for each of these compounds are shown in Fig. (**[5D-F](#F5){ref-type="fig"}**). Each of these metals was most active in a different cell model (Ag-MCF7, Hg-HEK293T, Au-A172). The third response class (Fig. **[4](#F4){ref-type="fig"}**, violet boxes) includes cobalt, iron, lead and zinc. These compounds generally stimulated milder Nrf2 activities than those in response class II, however at the highest concentrations tested, between 100 and 1000µM (Fig. **[5G-J](#F5){ref-type="fig"}**). Again, each of these compounds had the highest activity in a different cell model- cobalt in MCF7 cells, iron in A172 cells, lead in HepG2 cells and zinc in HEK293T cells. Although gold was included in response class II, it did not neatly fall within either response class II or III because it strongly stimulated Nrf2 activity (like response class II metals), but only at the highest tested concentrations like response class III metals.

DISCUSSION
==========

Oxidative stress, one of the most common mechanisms of cellular injury, is measured using a broad array of techniques ranging from measurement of ROS, to monitoring reduced glutathione levels, and assaying for products of DNA, lipid, or protein oxidation \[[@R28]\]. Often the methods are technically laborious thus calling for a rapid and economical assay that can be used to assess oxidative stress injury with improved throughput. Such a method is vital to realizing the vision of the future of toxicology enunciated in the recent NRC Report \[[@R29]\], wherein assays in human-derived cells are used as proxies for animal tests. The findings that we describe in this study represent the development and characterization of a rapid and economical cell-based assay for the measurement of oxidative stress that is amenable to ultra high-throughput screening.

The transcription factor Nrf2 is one of the key coordinators of an effective cellular response to oxidative stress. This study describes the development of a novel cell-based transcriptional reporter assay to monitor Nrf2-dependent transcriptional activation. The ARE-luciferase reporter makes use of multimerized consensus AREs placed upstream of a synthetic promoter engineered to be devoid of putative sites for DNA-binding proteins other than Nrf2. This design offers the distinct advantage of being highly specific relative to existing reporter genes used to monitor Nrf2 activity. Reporter genes driven by promoter elements derived from genomic sources (i.e., target genes) which have been used previously do utilize relevant response element(s). However, these response elements are found in the context of binding sites for other transcription factors which facilitates complex combinatorial interactions between transcription factors. For instance, the human *HMOX1*promoter is commonly used in reporter genes to measure Nrf2 activity because it has perhaps the best-characterized AREs of any Nrf2 target gene studied to date \[[@R30]\]. However, a recent study showed that *HMOX1* can be stimulated by cadmium independently of Nrf2 through an element termed the cadmium response element (CdRE), which is nested between two AREs \[[@R31]\]. *HMOX1* is also known to be activated by other ROS-responsive transcription factors such as AP-1 and NFkB \[[@R32]-[@R35]\], complicating the mechanistic interpretation of gene activation by toxicants when using these gene-based reporters.

The specificity of transcriptional activation of genomic promoter reporter genes can be further investigated through the use of response element mutants or other methods to ensure that the observed responses observed result from activation of the transcription factor under study; however these approaches are laborious and are complicated by the combinatorial interactions of the elements being studied. This problem of specificity can be addressed more elegantly through the use of multimerized response element reporters, which are designed to eliminate non-specific binding sites and therefore largely isolate the activity of a single transcription factor.

A recent development in assay design employed in this study is the use of lentiviral vectors to efficiently deliver reporter genes to a range of cell lines enabling the rapid generation of stable reporter cell lines \[[@R36]\]. Lentiviral vectors effectively delivered the ARE luciferase transgenes to the cell types used in this study evidenced by the robust luciferase signal observed in all five stable reporter cell lines. Although the basal reporter gene activity levels for these cell lines were within a three-fold range of one another (data not shown), normalization to vehicle-treated controls makes meaningful comparisons of metal-induced Nrf2 activity across different cell models possible.

Five of the metals belonging to Group I and Group II of the periodic table (sodium, calcium, rubidium, cesium and barium), tested negative in all of the cell lines used. This was not unexpected, as no evidence for Group I or Group II Nrf2-inducing cations have been reported to date. Another group of Nrf2-inactive metals included four that were clearly cytotoxic: thallium (I), chromium (VI), manganese and nickel. The lack of Nrf2 activation preceding cytotoxicity (data not shown) suggests that these compounds induce cytotoxicity through a mechanism other than oxidative stress. Alternatively, it may be that the oxidative stress response to these metals does not involve Nrf2 transcriptional activity. This latter observation is seemingly at odds with the findings of recent studies. He *et al*. \[[@R37]\] demonstrated that hexavalent chromium exposure in mouse Hepa1c1c7 cells stimulated Nrf2 nuclear translocation and activation of target genes *Hmox1* and *Nqo1* *via*their respective AREs. Another study showed significant Nrf2 nuclear localization in the liver cells of rats exposed to manganese \[[@R38]\]. Lastly, a 2006 study by Lewis *et al*. \[[@R39]\] showed that nickel exposure led to increased Nrf2 nuclear accumulation in human THP1 monocytes. The studies by Casalino *et al*. and Lewis *et al*. \[[@R38],[@R39]\] not only used different cell models, but did not measure Nrf2 transcriptional activity, but rather nuclear translocation/accumulation.

Ten of the twenty metals tested triggered Nrf2 activity in at least three or more cell types. Among the ten Nrf2-inducing metals, cadmium, copper and sodium arsenite were positive in all of the cell lines. Five among the ten were active in all of the reporter cell lines except A549 cells. A549 cells, derived from a human alveolar basal epithelial adenocarcinoma, are widely used to dissect signaling mechanisms related to inflammation in human lung, but have been shown to have remarkably high levels of intracellular glutathione and to be more resistant to glutathione depletion than normal human lung fibroblasts \[[@R40]\]. This "buffering" effect of the high levels of antioxidant glutathione likely accounts for the relatively low number of Nrf2-stimulating metals observed in A549 cells, especially when one considers that for all three A549-positive test compounds, the observation that the CD values for the three metals active in this cell line were among the highest when compared to the other cell lines in this study. Also, A549 cells harbor a mutation in the gene encoding Keap1 \[[@R41]\]. The resulting mutant Keap1 protein is ineffective at negatively regulating Nrf2 activity resulting in a reduced capacity to induce Nrf2 activity in these cells. Differences in maximal Nrf2 activities and relative potencies of the positive metals showed pronounced differences among the other four cell lines tested. Although the reasons for these differences are not immediately clear, it is noteworthy that such differences in potency and efficacy across multiple cell models have been noted for other endpoints such as cell viability and proliferation \[[@R42],[@R43]\].

The clustering analysis approach used to mine for patterns of Nrf2 response across the five cell models may be somewhat constricted by the number of cell types and positive test compounds, but despite these limitations, clear patterns of response were observed. A549 cells were clearly the most atypical cell model used in this study with respect to the number of Nrf2-inducing metals detected and relative potencies and activities of the Nrf2 responses. The clustering analysis also segregated the ten Nrf2-stimulating metals into three groups. Sodium arsenite, cadmium and copper were effective at stimulating Nrf2 activity in all five cell models tested, including A549 cells. Silver, mercury and gold were potent and highly efficacious inducers of Nrf2 activity in all of the tested cell models except A549 cells. Cobalt, iron, lead and zinc were less potent than class II compounds and elicited cell type specific variations in efficacy. One interesting observation stemming from the clustering analysis is that despite the significant cell type specific differences in both potency and efficacy, a similar biological response pattern emerged irrespective of which metric was used for clustering. Therefore, while potency and efficacy may not be strictly predictive of one another across cell models for a single compound, these two parameters seem to be generally proportional across multiple models, such that a decrease in potency generally corresponds to decreased efficacy and vice versa.

Studies on nearly all of the metals that tested positive have been reported in the literature in at least one of the cell lines used here albeit in limited studies examining one or two metals in a single cell model. Our study is the first to comprehensively compare the impact of heavy metal exposure on Nrf2 activity using multiple test agents across multiple cell models. An analogous study conducted in 1993 by Fischbach *et al*. examined the induction of a human heat shock 70 promoter by 31 metals using a human growth hormone reporter assay in mouse NIH3T3 cells \[[@R44]\]. Of the fifteen metals that overlapped between the present study and the Fishbach study, nine were positive and six were negative in the ARE-luciferase assay. Copper, cadmium and sodium arsenite were the most efficacious inducers of heat shock response in the Fischbach study; interestingly, these metals were the only three that stimulated Nrf2 activity in all five cell lines tested in this study. However, the Fischbach study reported heat shock activities for several metals that tested negative in the Nrf2 activity assay such as nickel, manganese, thallium (I), and barium indicating that heat shock response and oxidative stress response may not overlap for either mechanistic or cell line-related differences.

Given the level of phylogenetic conservation of the Nrf2 signaling pathway, from nematodes to humans \[[@R45]\], it could be expected that Nrf2 activation in response to toxicants would be uniformly manifested. However, the central finding in the present study is that Nrf2 activity profiles vary greatly between cell models. Differences in responses between cell models could be attributed to factors such as tissue of origin, cellular subtype, inter-individual variability in the source, and culture conditions. Differences in response of cells from different organs to heavy metals have been noted *in vivo* and these differences are attributable to pharmacokinetic factors such as absorption and distribution as well as to pharmacodynamic actions at a cellular level such as oxidative stress induction \[[@R2]\]. Although many of the metals play vital roles in biology as enzyme cofactors and protein stabilizers, being charged entities metal ions do not passively cross the hydrophobic biological membranes, leading to differences in both their pharmacokinetic and pharmacodynamic properties \[[@R46]\]. However, cells have developed a variety of ways for the uptake and storage of metals such as transporters and binding proteins, etc. Mechanisms have also been developed to counteract excessive levels of the required metals such as induction of protective proteins, transporter downregulation and efflux pumps. These pathways are also used by nonessential toxic metals (e.g. cadmium, using zinc binding proteins). Thus the differences in responses between cells derived from different tissues can be attributed to differences in the activities or abundance of critical proteins \[[@R46]\]. Further activity differences could arise from the idiosyncrasies that come about from immortalization, such as pathway dysregulation and genetic instability.

Cell-based assays such as the one described here provide a rapid, inexpensive and high-throughput approach to prioritize and characterize potential toxicants. One of the key findings of this study is that significant differences exist between various *in vitro* models, even for endpoints and pathways thought to be ubiquitously expressed and highly conserved. It is routine in toxicology to study oxidative stress induction by metals and other environmental toxicants using a variety of cell types. This study reinforces the conclusion that no single *in vitro* model can provide a complete picture of biological function or its perturbation by toxicants. A more comprehensive approach would involve the use of multiple parallel models whereby confidence in assessing toxic potential and chemical mode of action is increased through overlapping observations.
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![Schematics of ARE-luciferase and AREmut-luciferase reporter genes. ARE-luciferase reporter gene (**A**) contains seven multimerized consensus AREs upstream of a basic promoter containing CCAAT and TATA boxes that drive the expression of firefly luciferase. The AREmut-luciferase reporter is identical to the ARE-luciferase reporter except that six core nucleotides within each ARE have been mutated (mutated bases underlined).](TOCHGENJ-5-1_F1){#F1}

![ARE response to oxidative stress requires functional AREs and Nrf2. (**A**) ARE-luciferase response to 16-hour hydroquinone (HQ) in HepG2 cells (blue), attenuation of the response by pre-treatment with a antioxidant n-acetyl cysteine (NAC) (green) and lack of response of AREmut-luciferase reporter to HQ treatment (red). (**B**) Reduction in Nrf2 levels via Nrf2-specific shRNA inhibition impairs response to HQ (100 M, 16 hours) in HepG2 ARE-luciferase stable reporter cells (blue) whereas the response is unaffected by scrambled shRNA control (red).](TOCHGENJ-5-1_F2){#F2}

![Metals studied for oxidative stress induction potential and their grouping in the periodic table. The twenty alkali, transition and heavy metals tested in cell lines are highlighted in yellow. Doses ranged from 10nM to 1mM and the cells were exposed for 16 hours. All test compounds were cation salts except for sodium arsenite (NaAsO2).](TOCHGENJ-5-1_F3){#F3}

![Hierarchical clustering of Nrf2 response patterns. Cell responses for the ten active metals were clustered using CD (**A**) and maximal activity (**B**) derived from the concentration-response curves. Response class I compounds (red boxes) elicited Nrf2 activities in all tested cell models. Response class II compounds (blue boxes) elicited the most significant Nrf2 activities at the lowest concentrations in a subset of cell models. Response class III (violet boxes) generally stimulated milder Nrf2 activities than those in response classes I and II and only at the highest concentrations tested.](TOCHGENJ-5-1_F4){#F4}

![Concentration-response curves for Response Class I, II and III metals in the five reporter cell lines. Luciferase activities (expressed as fold change over vehicle control) in response to each member of (**A-C**) Response Class I, (**D-F**) II and (**G-J**) III were compiled for all five cell lines.](TOCHGENJ-5-1_F5){#F5}

###### 

Nrf2 Activation Potency of Metals in Reporter Cell Lines CD (uM)

  Compound   HEK293T                             HepG2                               MCF7                                A172                                A549
  ---------- ----------------------------------- ----------------------------------- ----------------------------------- ----------------------------------- -------------------------------------
  HQ         7.12                                20.8                                [\#](#T1FN2){ref-type="table-fn"}   33.2                                NR[\*](#T1FN1){ref-type="table-fn"}
  Au         76.1                                169                                 740                                 146                                 NR
  As         1.88                                16.5                                9.05                                15.9                                123
  Ag         11.8                                2.52                                4.73                                5.54                                NR
  Cd         .907                                .954                                11                                  6.03                                54.7
  Co         484                                 185                                 532                                 NR                                  NR
  Cu         281                                 455                                 295                                 136                                 392
  Fe         [\#](#T1FN2){ref-type="table-fn"}   [\#](#T1FN2){ref-type="table-fn"}   NR                                  239                                 NR
  Hg         2.82                                19.5                                6.35                                6.18                                NR
  Pb         [\#](#T1FN2){ref-type="table-fn"}   426                                 [\#](#T1FN2){ref-type="table-fn"}   [\#](#T1FN2){ref-type="table-fn"}   NR
  Zn         84.8                                249                                 256                                 100                                 NR
  OPD        16.8                                110                                 42.7                                46.6                                NR

No response,

Calculated CD exceeds empirically tested concentration range.

###### 

Maximum Nrf2 Induction Activity of Metals in Reporter Cell Lines

  Compound   HEK293T                                HepG2   MCF7   A172   A549
  ---------- -------------------------------------- ------- ------ ------ -------------------------------------
  HQ         6.9[\#](#T2FN1){ref-type="table-fn"}   10.9    2.0    10.0   NR[\*](#T2FN2){ref-type="table-fn"}
  Au         3.9                                    7.1     3.2    25.9   NR
  As         14.0                                   32.9    6.0    61.2   6.0
  Ag         3.9                                    6.9     68.8   9.1    NR
  Cd         62.5                                   4.0     23.1   13.8   3.3
  Co         3.0                                    4.5     5.3    NR     NR
  Cu         4.2                                    8.3     55.7   15.5   12.2
  Fe         2.2                                    2.4     NR     5.1    NR
  Hg         8.1                                    5.1     4.1    6.8    NR
  Pb         3.7                                    3.8     1.9    1.9    NR
  Zn         3.4                                    2.6     2.1    2.6    NR
  OPD        5.3                                    3.4     2.5    6.4    NR

fold change over vehicle treated control;

No response.

[^1]: Present Address: Syngenta Biotechnology, Inc., Research Triangle Park, North Carolina, USA.
